INTRODUCTION
The acute gastrointestinal syndrome seen after radiation exposure consists of a number of symptoms including nausea, vomiting, diarrhoea and abdominal pain 2) and the importance of radiation induced changes in small intestine is reflected in the existence of early papers3) and substantial reviews of the subject4). Most studies of the early radiation induced changes have concentrated on the inhibition of cell proliferation and subsequent disruption of mucosal integrity5-9 . A recent comprehensive review of this area has summarised radiation-induced effects on the small intestinal epithelium, including changes in cell death, mitotic activity, cell regeneration and clonogenic survival 10) The classical method for quantifying damage produced in small intestine by ionising radiation") involves counting the number per circumference of crypts or microcolonies: in the text referred to as `crypts'. The counting technique relies on the fact that proliferative epithelial cells reside in the crypts of Lieberkiihn and are therefore responsive to treatment such as radiation [12] [13] [14] The technique is easily carried out using wax histology and produces dose-effect curves, characterized by a pre-response shoulder, (9-10 Gy for mice), followed by a logarithmic linear decrease in crypt numbers with increasing dose. However, such a method only assesses one compartment of the gut and takes little account of the fact that crypts are heterogeneous, being made up of cells that vary in their structure, function and radioresistance15). It has, for example, been shown that cryptal endocrine cell number is a more sensitive early indicator of radiation damage than crypt number 16) Another method of assessment of the small intestinal response to radiation entails the measurement of the internal circumference, which is the absorptive surface of the organ 17) . This is also a more sensitive measure of damage than the crypt survival assay and reveals a 40% reduction in absorptive surface in mouse jejunum 3 days after treatment with 7 Gy whole body X rays. The recording of area related measurements as well as cell counts has been used recently in a study of different parts of control intestine and a comparison of normal and cytosine arabinoside treated material18). Descriptions have also been made of changes in villous shape19-21) , with some scoring methods given2l-23)
There have also been descriptions of morphological changes after radiation, using several types of microscopical techniques and reporting changes in epithelium24), stroma, muscle and nerve 25) and blood vessels26-28). The inflammatory effects of radiation on the gut have also been described29). It has been found that while radiation damage to the neuromuscular component of the gut wall may be simulated by reserpine30,31), the muscarinic blocker atropine, with an effect approximately opposite to that of reserpine, produced villous shape changes quite different from those seen after radiation 32,33) Radiation-induced changes in various structural and functional parameters have been described 34). The pathology of the radiation-damaged bowel has been reviewed35), the qualitative pathological effects listed including changed tissue organisation, cellular atypia, fibrosis, inflammation, necrosis, ulceration and vascular distortion.
There is thus a wealth of literature on different aspects of the radiation induced changes in small intestine and on many of its constituent cells. There have been descriptions of morpholo gical radiation damage as containing patterns common to several tissues 36) and a discussion of the need for an understanding of the pathophysiology of multiple cell populations37). The pathophysiology of acute intestinal radiation injury has been discussed 38) and the relationship between intestinal mucosal breakdown and changes in fluids and electrolytes were described in whole body irradiated rats39). However, there is little information on how the different cell and tissue types react in relation to each other, apart from a few reports of how some of the structural elements compare after treatment, with X rays, neutrons or neon ion beams4o,41>
The need to examine the reactions of multiple cell populations has been addressed in a recent paper, describing the changes in 10 different structural elements in small intestine from 6 hours to 7 days after whole body treatment with 5 Gy neutron irradiation'). Area measurements for epithelium, connective tissue, muscle and nerve were entered, along with the structural counts, into a mathematical model, to give a final figure (the Morphological Index) for the total structural effect on the small intestinal wall. This approach showed that the greatest structural change was seen 3 days after irradiation with some recovery at the 7 day point, despite the fact that the crypt numbers were still depressed. A preliminary comparison was also made between the 3 day points for 5 Gy neutrons and 10 Gy X rays, the doses chosen to be radiobiologically equivalent terms of crypt numbers). Although the Index for the two schedules was similar, there were differences in constituent tissue response, with goblet cells and mitotic figures more damaged after X-irradiation and Auerbach's plexuses less so.
The current paper uses the same quantitative approach to investigate the differential tissue response following partial body X-irradiation (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and to compare the effects of variations in dose and time on individual parameters and Morphological Indices.
MATERIALS AND METHODS

Irradiation and tissue collection
Twenty-one 12 week old, female, CFLP mice (Hacking and Churchill, Ltd) were divided into 7 groups of three; 5 irradiated groups, one sham-irradiated control group sampled at 3 days and one untreated control group. The animal studies were carried out by licensed investigators in accordance with the British Council's Guidelines on the use of Living Animals in Scientific Research, 2nd Edn.
Mice to be irradiated were lightly sedated with ether and restrained in a jig just prior to the irradiation procedure. A standard Marconi irradiation control unit (250 kVp; 1.2 mmCu HVL) delivered 1.366 Gy X-rays per minute to the abdominal field in a single dose. The five groups of irradiated mice formed two experiments as follows: Dose experiment. Animals received either 6, 10 or 20 Gy: tissues were collected 3 days later. Time experiment. Animals received a single dose of 10 Gy and tissues were collected at 6 h, 1 day and 3 days after irradiation.
Animals were killed by cervical dislocation, after which the duodenum was removed and washed in saline. Fixation was carried out by gently inflating the tied off duodenum using 5% glutaraldehyde in Millonig's buffer. The fixed tubes were cut into rings (2-3 mm thick), washed in 0.1 M sodium cacodylate buffer and dehydrated through a graded series of ethanol to propylene oxide, before embedding in Epon substitute resin. Sections 2 ,Um thick were cut with glass knives using a Reichert Om U2 microtome, stained with 1% methylene blue and 2% basic fuchsin42) and examined in a Leitz Dialux 22 microscope. Data Collection. Several parameters were assessed and data sheets were completed for 6 sections per animal, 10-12 ,um apart. Statistical analysis of data from individual parameters was carried out using two different tests: a) Changes in a parameter with increasing dose and time. To study changes in one parameter throughout an experiment the data were transformed by Log(x+1) where x is the raw data figure and a one way analysis of variance carried out. Multiple comparisons among pairs of means was carried out using the T method43) b) Changes in percentage response between different parameters at each dose and time point.
The raw data (x above) were expressed as a percentage of the relevant control figure and statistically significantly different responses were assessed using Mann-Whitney U tests43>
Morphological Index format of the mathematical model Area measurements were made for epithelium, stroma or connective tissue, muscle and nerve. Photographs of sections were placed on a digital bit pad of a Hewlett Packard 86B computer and the areas of the appropriate tissue traced using the Imagan image analysis system. The counts and areas were entered into a mathematical model).
The model may be described mathematically as follows:
where Morphological Index (M°I):-The total figure of structural change for any specimen or group, calculated by entering into a mathematical model data for tissue weighting factors, tissue deviations and cell deviations. Tissue Weighting Factor (TWF):-The proportion of the total section area taken up by any one tissue. Tissue Deviation (TD):-The amount by which the experimental tissue deviated from control: i.e. the ratio of experimental to control specimens with regard to tissue areas. Cell Deviation (CD):-The amount by which the number of cells or structural features of a particular type in the experimental situation deviates from that of control: i.e. the ratio of experimental to control counts. x=the number of tissue compartments, in this case four (namely, epithelium, stroma or connective tissue, muscle, nerve); and y=the number of cell types or structural units counted. A Cell Weighting Factor could also be applied, reflecting the relative proportion of each cell type or structural feature. During testing of the model, this factor is taken as 1, indicating equal weighting for each cell type and simplifying the calculation. The direction of change from control is not considered, making all deviation ratios less than 1.
Morphological Index method of calculation 1. Summary sheets are prepared for all points, including Tissue Weighting Factors, and with Tissue and Cell Deviations all calculated with the untreated control being used as a baseline. 2. A partial M°I is prepared for each tissue (epithelium, connective tissue, muscle, nerve) and is the product of the constituent TWF, TD and CDs. To ensure equal weighting of the tissues, the number of CDs per tissue must also be equal. In this case the epithelial M°I has 4 CDs whereas the others have only two. This problem is solved by entering CD values twice for the appropriate tissue to bring them up to four. 3. A total M°I is prepared from the sum of the tissue M°Is. 4. M°I figures are prepared for individual control animals to show variation within the control group since no individual animal will have values equal to the mean levels for all consituent cells and tissues. These individual M°Is give a range for controls. 5. The process can use sham instead of untreated control data as the baseline. The M°Is produced would be used only for intra-experiment rather than inter-experiment comparison.
Display and statistical analysis of Morphological Index data
The M°Is are prepared initially using pooled data for all points. This allows each experiment to be summarised using a graph together with a summary sheet for each point. Parameters which are significantly different from control are marked on the summary sheet with an asterisk and an arrow to show the direction of change from the control. An M°I graph is also prepared from Indices calculated for individual animals. This allows each point to be represented by a mean figure and standard error bars. Comparison of different points on this display gives information on whether differences in total Index between points are likely to be significant.
The Tissue Indices are also subjected to analysis using the Mann-Whitney U test43), to allow comparison of individual Indices as dose or time changes or different Indices for any one dose/ time point.
RESULTS
The approach used lends itself to several methods of illustrating the results. (ii) Time. The data are shown in Figure 1b . Six hours after 10 Gy (Table 2) , there is a marked decrease in the mitotic activity (0.08%) and an increase, although less marked in extent (167.4%), in the numbers of submucosal arterioles. By 1 day, differences are noted between the numbers of endocrine cells (39.6%) and the mitotic figures (27.8%). Although these are both cryptal, the mitotic figures are recovering from the damage seen at 6 hours, while the endocrine cells are showing their first signs of damage. The situation at 3 days has already been described in (i). c) Integration of data into the Morphological Index display (i) Dose. The control band shows M°I values (Figure 2 ) in the range of 34.2 to 45.9 for individual control mice, obtained by comparing data for those mice with the mean values obtained when all their data are pooled ( Table 3 ). The total Index for the sham group is 34 .0, barely lower than the untreated control range. The mean values for the three irradiated points show a dose-dependent decrease from the sham point.
(ii) Time. For the 10 Gy irradiated groups, the M°I decreases with time after treatment ( Figure 3) . (iii) Significance of data. When the M°Is are prepared using data for individual animals, the Total final Indices are not identical to those obtained from pooled data but the trends are the same (Figures 2, 3 ). In the dose experiment (Figure 2 ), the sham Index is seen to be lower than the untreated control, although no individual parameters are statistically significantly different from their own control values. However, the value for the endocrine cells is low (51%), indicating variation in either the control or treated populations. The Indices for 6 Gy and 20 Gy are different from the untreated control and sham values and also from each other. The 10 Gy Index, however, overlaps with the 6 Gy value. In the time experiment (Figure 3) , there is slight overlap between the 6 hr and 1 day points with the bottom of the control range and overlap between the 1 day point and the 6 hour point. The 3 day point figure is, however, clearly lower than the control or earlier time point Indices. d) Change in Tissue Indices with radiation conditions The Tissue Index for any of the four tissues is the subtotal figure obtained by multiplying the TWF, TD and CD ratios. Comparisons can be made between them, either individually as dose and time change or alternatively between the four tissues for a particular treatment point.
(i) Changes in Tissue Indices. The sham Index is the highest, in each tissue (Figure 2 ). The epithelial Index decreases in a directly dose dependent way. All three doses have a similar effect on the muscle Index, while the Indices for connective tissue and nerve both have a partial inverse dose effect, with 6 Gy producing a greater change than 20 Gy.
The epithelial Index is directly related to time after treatment (Figure 3) , with the value decreasing as time goes on. There is no change in nerve with time, while connective tissue and muscle have the same pattern, with more change seen at 6 hours than at 1 day after treatment.
(ii) Comparison of different Tissue Indices for fixed treatment conditions. Epithelium is the most damaged for sham, 10 Gy and 20 Gy treatment points, while nerve is the most damaged after 6 Gy (Figure 2 ). Connective tissue and muscle respond in the same way after all three doses. With time (Figure 3) , epithelium is the most damaged, except 6 hours after treatment, where the connective tissue has been most affected. Connective tissue and muscle behave in a similar way at all three time points. 
DISCUSSION
The Morphological Index characterization technique has already been described and the implications of its application discussed). The M°I approach need not be the only one used. The data collected for the compilation of the Index includes crypt counting and mitotic figure assessment, allowing compilations of a structural profile of the irradiated gut, with Index, crypt count and mitotic activity as three separate ways of describing the damage caused, which may be unique to that group of specimens and could be used to give an accurate estimate of the treatment used.
Meanwhile the applications of the technique to the effects of partial body X-irradiation can be discussed under two headings. Firstly, the analysis of individual parameter responses shows that the response of individual cryptal cells is not identical to the crypt count depletion, indicating that the latter measurement, although widely used to assay intestinal damage, does not refer to a standard structure, but to a composite entity, which changes with radiation conditions. The lability of the endocrine population, even to sham treatment, shows how important the stress of radiotherapy may be, particularly to already frail individuals. Several possible secondary or late effects could come from these changes in the endocrine16) or non-epithelial populations, indicating that the behaviour of such an integrated system is extremely complicated and that the data display makes a beginning of the difficult task of recording it. In addition, it has been demonstrated that radiation response is not confined to changes in the proliferative epithelial compartment, but that effects are seen in other tissue types. This means that any extrapolations to the clinical situation based on crypt count data may be inaccurate and that late effects seen in patients after radiotherapy may have their foundation in some of the damage caused to the non-proliferative compartments of the wall. Secondly, the use of the Tissue and total Indices allows unexpected decreases in the total damage to be traced to their root cause. For example, the low sham Index can be traced to a difference in the range of data found when untreated and sham groups are compared: such changes in data ranges will not necessarily register as significant after statistical testing. Study of the Indices for partial body X-irradiation shows that, despite the fact that the crypt count shows no change, the epithelial Index is a sensitive indicator of radiation damage in terms of dose and time, but with different parameters contributing at different points. Another factor of note is the way in which connective tissue and muscle respond in a similar way under all the dose and time conditions of X-ray partial body used here. The M°I approach is also useful for comparing the effects of different modalities or schedules, a procedure often currently carried out using the concept of Relative Biological Effectiveness (RBE)44). Data published so far using M°I refer to irradiation with neutrons'). However, the whole body nature of the neutron treatment makes it difficult to compare the data directly with results from the partial body X-irradiated tissues described in this paper. Prelimin ary comparison of the effects of whole and partial body X-irradiation') shows some features in common, for example with respect to early vascular changes. Comparison with the data for whole body neutron irradiation therefore shows that the neutron treatment produces more changes in the neuromuscular parts of the gut wall, while X-irradiation leads to early vascular effects: both types of irradiation cause changes in the epithelial compartment although not to an equivalent extent for all parameters at all time points studied4s>
The main new feature in this approach by comparison with standard histopathological reports is the quantitative nature of the comparison of the responses of the parameters studied, for example for the development of inflammation, ulceration and vascular distortion 34). The time data reported in this paper show that for 10 Gy partial body X-irradiation, there is a vascular response before any of the epithelial changes are seen, including alteration in goblet cell numbers, of significance for the development of ulceration. Cross reference with the dose data reported here show no signs for the radiation conditions used of changes in the villous stromal population, which would be significant in the recognition of fibrosis or inflammation, previously given in a list of selected general pathological effects of radiation 34).
conclusion, consideration of the data shows that the whole radiation response is made up of a complicated set of changes in individual cell types, each possibly damaging in itself, but each also able to affect other cells and tissues in a secondary response.
